Hyperhomocysteinemia (Hhcy), or increased levels of the excitatory amino acid homocysteine (Hcy), is implicated in glaucoma, a disease characterized by increased oxidative stress and loss of retinal ganglion cells (RGCs). Whether Hhcy is causative or merely a biomarker for RGC loss in glaucoma is unknown. Here we analyzed the role of NRF2, a master regulator of the antioxidant response, in Hhcy-induced RGC death in vivo and in vitro. 
Introduction
Homocysteine (Hcy) is a sulfur-containing amino acid that stands at the intersection of the remethylation and transsulfuration metabolic pathways. Pathological elevation of Hcy, termed hyperhomocysteinemia (Hhcy) is associated with cardiovascular diseases such as atherosclerosis and congestive heart failure, as well as neurodegenerative diseases such as dementia, Parkinson's and Alzheimer's disease [1, 2] . Oxidative stress is a major pathogenic mechanism associated with Hhcy [3] . As the retina is a neurovascular tissue, it is not surprising that Hhcy has been implicated in retinal diseases including retinal vessel occlusive disease, optic atrophy, and macular degeneration [4] . There has been considerable interest in the role of Hhcy in various forms of glaucoma, a complex disease in which retinal ganglion cell (RGC) loss leads to severe visual impairment. Hhcy has been studied extensively in exfoliation syndrome (XFS) [5] [6] [7] , the most common cause of open-angle glaucoma worldwide [8] . Hcy levels are elevated significantly in the aqueous humor, plasma, and tears of XFS patients, but questions remain as to whether Hcy is a "disease driver, disease biomarker or innocent bystander to some biochemical process related to Hcy metabolism" [9] .
To understand the relationship between Hhcy and RGC survival, several in vitro and in vivo studies have been performed and reported. In vitro studies demonstrated that exposure of primary murine RGCs to moderate elevation of Hcy [50 μM ] resulted in death of more than half of the cells within 18 h [10] . Mechanisms of cell death included dysregulation of mitochondrial dynamics [11] , elevated intracellular calcium, and increased oxidative stress in the form of increased superoxide and nitric oxide levels [12] . In vivo studies also reveal RGC death associated with Hhcy (e.g. RGC death in two mouse models of Hhcy, one with deficiencies of cystathionine β-synthase (Cbs) [13, 14] , and the other with deficiencies of methylene tetrahydrofolate reductase (Mthfr) [15] ). Regarding these models of Hhcy, CBS is a key enzyme in the transsulfuration pathway; it mediates conversion of Hcy to cystathionine, which is then converted to cysteine, a key constituent of the tripeptide glutathione. CBS is present at the gene and protein level throughout the murine retina [13] . MTHFR is a key enzyme in the remethylation pathway; it reduces N 5 ,N 10 -methylenetetrahydrofolate to N 5 -methyl-tetrahydrofolate, which then donates a methyl group to Hcy to generate methionine (in the presence of vitamin B 12 and methionine synthase). MTHFR is also present in the mouse retina at both the gene and protein level [15] . Both murine models of Hhcy have approximately 2-fold greater Hcy in retina compared to WT mice [13, 15] . The RGC loss in vivo is notably mild compared to the rapid death observed in primary cultures of neurons treated with Hcy.
The differential sensitivity of RGCs exposed to Hhcy in vitro versus in vivo led subsequently to evaluation of the role of retinal Müller cells in buffering the excitotoxic effects of Hhcy [16] . Müller cells are the principle glial cells in retina; they provide trophic and energetic support to adjacent neurons, including RGCs [17, 18] . Exposure of cultured primary Müller cells to modest levels of Hhcy actually led to decreased oxidative stress (rather than increased oxidative stress as was observed in RGCs). Decreased levels of reactive oxygen species (ROS) and increased levels of the antioxidant molecule glutathione were detected in primary Müller cells exposed to Hhcy conditions [16] . Thus, in cultured cells there was a differential response between neurons and glia to Hhcy, specifically RGCs versus Müller cells. Molecular analyses of cultured Müller cells exposed to Hhcy revealed increased levels of the major antioxidant transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) and increased levels of several antioxidant molecules whose transcription is regulated by NRF2 [16] .
Oxidative stress and mitochondrial dysfunction are major factors in the pathogenesis of neurodegenerative diseases [19] and are implicated in inner retinal neurodegenerative diseases [20, 21] . These factors are also mediators of Hhcy-associated neuronal injury [22] [23] [24] [25] [26] , including Hhcy-induced RGC death [11] . The current study was designed to analyze whether modulation of oxidative stress in Hcy-induced RGC death alters the severity of neuronal loss. To accomplish this, we crossed mice that lack NRF2 (termed Nrf2 
Methods and materials

Animals
The numbers of mice used for experiments in this study are listed in Table 1 University, Sendai, Japan) were used to establish colonies of these strains and to generate Mthfr +/− Nrf2 −/− and Cbs
Confirmation of genotype was performed as described [13, 15, [27] [28] [29] . The Crb1 rd8/rd8 mutation, which causes focal disruption of the retina in To simulate acute exposure to Hhcy, we administered Hcy as a single intravitreal injection following our published method [31] . Briefly, the eyes of deeply anesthetized 8 wk WT mice were gently proposed and 1 μl L-homocysteine thiolactone [2.5 mM] was injected at the limbus using a 33-g needle affixed to a Hamilton syringe (Hamilton, Reno, NV). Assuming intravitreal volume as 25 μL this injection yields a final intravitreal concentration of ∼100 μM Hcy [41] . The contralateral eye was injected intravitreally with 1 μl 0.01 M phosphate buffered saline (PBS) and served as a control.
Evaluation of retinal function and structure
Optical coherence tomography (OCT)
A longitudinal study was performed to evaluate retinal structure in situ in mice at 4, 7 and 10 months. An additional group of mice that had received a single intravitreal injection of Hcy were evaluated at ∼7 and ∼25 days post-injection. Mice were anesthetized with ketamine/xylazine as described [32] . Retinal architecture was assessed in vivo using a Bioptigen Spectral Domain Ophthalmic Imaging System (SDOIS; Bioptigen Envisu R2200, NC). The OCT imaging protocol included averaged single B scan and volume intensity scans with images centered on the optic nerve head. Post-imaging analysis included autosegmentation analysis and manual assessment of retinal layers using InVivoVue™ Diver 2.4 software (Bioptigen). We measured total retinal thickness and thicknesses of the nerve fiber layer (NFL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer (ONL). Each layer thickness was plotted separately; data for a given retinal layer in each group were averaged.
Electroretinography
To assess function of ganglion and amacrine cells, mice were subjected to electroretinography (ERG) to detect positive and negative scotopic threshold responses (pSTR and nSTR). Mice were dark adapted overnight. Each mouse was tested under anesthesia (ketamine 80 mg/ kg, xylazine 10 mg/kg) using relatively dim stimuli generated with a blue LED (Lightspeed Technologies, Campbell CA) that was neutral density filtered and defocused. Light from the LED was presented to the eye by 1-mm diameter optic fibers that were placed just in front of the pupils. Signals were acquired by DTL fibers placed gently on the corneas, with a drop of hypromellose to keep eyes moist and enhance electrical contact. These signals were transferred to a Psylab amplifier (Contact Precision Instruments, Cambridge MA), with a gain of 10,000, filtered between 0.3 and 400 Hz, with a notch filter at 60 Hz. The amplified signals were digitized by a National Instruments 6323 data acquisition module (National Instruments, Austin, TX, USA), and read into custom software written in Igor Pro (WaveMetrics, Lake Oswego OR). Stimulus intensity was calibrated in scotopic lumens (ILT1700, International Light Technologies, Peabody MA). An interleaved set of intensities just below and above threshold was presented. Averaged responses were analyzed to obtain pSTRs and nSTRs. These are the amplitudes at 110 and 200 ms following the flash, respectively [33] .
Visual acuity assessment
Spatial thresholds for opto-kinetic tracking of sine-wave gratings were measured using a virtual optokinetic system (OptoMotry, CerebralMechanics, Medicine Hat, Alberta, Canada) [34] . Vertical sinewave gratings moving at 12°/s or gray of the same mean luminance were projected on four computer monitor screens as a virtual cylinder that surrounded an unrestrained mouse standing on a pedestal at the epicenter. The cylinder hub was continually centered between the mouse's eyes to set the spatial frequency (SF) of the grating at the mouse's viewing position as it shifted its position. Gray was projected while the mouse was moving, but when movement ceased, the gray was replaced with the grating. Grating rotation under these circumstances elicited reflexive optokinetic tracking, which was scored via live video using a method of limits procedure with a yes/no criterion. An SF threshold was generated at 100% contrast through each eye separately in the testing session.
Intraocular pressure
The intraocular pressure (IOP) was measured in 10-11 month old WT, Nrf2 mice, which were anesthetized using inhaled isofluorane (Butler Animal Health Supply, Dublin, OH, USA). The IOP was measured using a handheld tonometer (Tonolab, Icare Laboratory, Finland) positioned at the center of the cornea. Three repeated measurements were taken from each animal for quantification.
Histologic processing of tissue and microscopic analysis
Eyes enucleated from euthanized mice were flash frozen in liquid nitrogen and embedded in optimal cutting temperature compound (OCT, Elkhart, IN). 10 μm thick cryosections were obtained, which were fixed 10 min in 4% paraformaldehyde, blocked with Powerblock (BioGenex, Fremont, CA) for 1 h at room temperature. Sections were incubated with primary antibodies to detect glial fibrillary acidic protein (GFAP), a marker of gliosis, followed by incubation with Alexa Fluor 488 anti-rabbit IgG (Invitrogen). Retinas were examined using a Zeiss Axio Imager D2 microscope equipped with a high-resolution camera and processed using Zeiss Zen23pro software. The fluorescence intensity of GFAP was quantified using the Zen 2 lite software. Additional sections were stained with hematoxylin and eosin (H&E) to allow scanning of retinal tissue for evidence of gross disruption. It is not possible to quantify the number of cells in the ganglion cell layer (GCL) by OCT, therefore we counted the cells in this layer (in a blinded manner) and expressed the data as number of cells per 100 μm retinal length. The measurements were taken at six points along the retina, three adjacent fields on the temporal and nasal sides beginning 200 μm from the optic nerve. The six measurements were averaged per eye to yield the average number of cells per animal and subsequently per mouse group and were expressed as mean ± standard error of the mean (SEM). Additionally, we performed immunolabeling studies to detect RGCs in retinal cryosections using the RGC-specific marker Brn3a. RGC number was determined for the central retina and expressed as RGCs/100 μm retinal length. Antibodies used for immunolabeling are listed in Table 2 .
Cell culture studies 2.3.1. Isolation and culture of mouse Müller cells
Müller glial cells were isolated from WT and Nrf2 −/− mice (6-7 days old). Müller cell isolation followed our previously published protocol [16, 35, 36] , which is based on the method of Hicks and Cortois [37] . Briefly, eyeballs were enucleated and incubated in serum-free media overnight; they were enzymatically digested with trypsin/collagenase and retinas were dissected from the remaining tissue. Small retinal tissue pieces were incubated in Dulbecco's Modified Eagle Medium (DMEM), containing 1 g/L glucose, 4 mM L glutamine, 25 mM HEPES and 1 mM sodium pyruvate, (Gibco/ThermoFisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA), at 37°C with 5% CO 2 . The isolated cells become confluent within 7-10 days and were used at passages 4-5. Cell purity for both WT and Nrf2 −/− cell is routinely confirmed using the
Müller glial cell-specific marker glutamine synthetase, as well as CRALBP and vimentin, which are expressed in Müller cells, as previously described [16] . Antibodies used for immunostaining are listed in Table 2 .
Co-culture of primary RGCs with primary Müller cells
The RGC/Müller cell indirect co-culture system was established based on a published neuron-glial co-culture protocol [38] . RGCs were isolated by a two-step immunopanning procedure from WT mice at post-natal days 2-4 following our published methods, which have been described comprehensively [39] . The neuronal origin of the cells was verified using anti-Brn3 and anti-βIII-tubulin antibodies by immunofluorescence. The freshly isolated cells growing in Neurobasal-DMEM-B27 culture medium (containing 5 μg/ml insulin, 1 mM sodium pyruvate, 0.1 mg/ml transferrin, 60 ng/ml progesterone, 16 μg/ml putrescine, 40 ng/ml sodium selenite, 40 ng/ml triiodo-thyronine, 1 mM Lglutamine, 60 μg/ml N-acetyl cysteine, 2% B27, 50 ng/ml BDNF, 10 ng/ ml CNTF, 10 ng/ml forskolin, 10 ng/ml bFGF, 0.1 mg/ml BSA) were plated at a density of ∼50,000 cells/well on coverslips situated within a 24-well plate [40] . They were incubated 1 h at 37°C (5% CO 2 ) after which Müller cells (plated 1 day previously on 0.4 μm pore size-cell culture inserts (Corning International/ThermoFisher Scientific) at a density of 25,000 cells/insert), were suspended within the wells containing the freshly isolated RGCs. In the co-culture set up both cell types were cultured in the Neurobasal-DMEM-B27 medium in which RGCs are routinely cultured.
Hcy treatment of cultured cells
For RGC/Müller cell co-culture studies, L-homocysteine thiolactone hydrochloride (Sigma-Aldrich, St. Louis, MO) was prepared in RGC medium [50 μM] . For studies using only Müller cells, L-homocysteine thiolactone was prepared in DMEM [50 μM] containing 1 g/L glucose, 4 mM L glutamine, 25 mM HEPES and 1 mM sodium pyruvate and 10% FBS.
Assessment of cell survival and cell death
For co-culture experiments, RGC viability in the presence/absence of Müller cells, was determined by incubating cells 30 min in PrestoBlue Viability reagent (ThermoFisher Scientific) following which fluorescence intensity was measured using a plate reader (Molecular Devices, Sunnyvale, CA) (570 nm excitation/590 nm emission). For the co-culture studies involving Hcy, the incidence of RGCs dying by apoptosis was assessed using the ApopTag Fluorescein In Situ Apoptosis Detection Kit (EMD Millipore Corp, Billerica, MA) according to the manufacturer's instructions. The kit is based on the detection of DNA strand breaks through terminal dUTP nick-end labeling (TUNEL) analysis.
Glycolysis and mitochondrial function assays
Mitochondrial functional assays were performed using the Seahorse XF96-Analyser (Agilent Technologies, Santa Clara, CA) according to the manufacturer's instructions. 10,000 cells/well were seeded in Agilent Seahorse 96-well XF Cell Culture Microplates. The cartridges were hydrated in a non-CO 2 incubator at 37°C overnight. WT and Nrf2
−/−
Müller cells were treated with Hcy [50 μM] in DMEM for 20 h. After Hcy incubation the cells were washed three times in XF base medium (Agilent Technologies) containing 4 mM L glutamine, 1 mM pyruvate and 10 mM glucose. To allow pH and temperature calibration, the XF Cell Culture Microplates were incubated in a non-CO 2 incubator (37°C, 45 min). Oligomycin (final well concentration (FWC) 1 μM), Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (FWC 1 μM), rotenone and antimycin A (FWC 0.5 μM) were serially injected into the wells to measure ATP production, maximal respiration and non-mitochondrial respiration, respectively. Compounds were provided as part of the Agilent Technologies XF Cell Mito Stress Test Kit (Catalog # 103015-100). Spare respiratory capacity and proton leak were then determined using these parameters and basal respiration per the manufacturer's instructions.
To assay glycolytic function, cells were glucose-starved in XF assay medium in a CO 2 free incubator at 37°C for 1 h. Extracellular acidification rates (ECAR) were measured using the Agilent Seahorse XF-96 Analyser by serially injecting glucose (FWC 10 mM), oligomycin (FWC 1 μM) and 2-dexoyglucose (2-DG) (FWC 50 mM) into the wells. The compounds were provided in the XF Glycolysis Stress test kit; Catalog#: 103020-100. Glycolysis, glycolytic capacity, glycolytic reserve and nonglycolytic acidification were calculated according to the manufacturer's instructions. Data were represented in mpH/min.
To normalize the glycolysis and mitochondrial analyses, Müller cell viability was determined using CyQUANT Direct Cell Proliferation Assay (ThermoFisher Scientific) according to the manufacturer's instructions. The fluorescence readings were determined at an excitation wavelength of 485 nm and an emission of 530 nm.
Data analysis
The data were subjected to statistical analysis using Prism 6 for Windows Version 6.01 statistical analysis software (GraphPad, La Jolla, CA). All values are reported as mean ± SEM. The specific statistical tests used and post-hoc analyses performed are indicated individually for each experiment within the corresponding figure legends. For all analyses p < 0.05 was considered statistically significant.
Results
Effects of acute Hhcy exposure assessed using SD-OCT imaging
To investigate the effects of acute exposure to Hhcy on retinal structure in vivo we administered 1 μl Hcy [100 μM] intravitreally in one eye of 8 wk old WT mice; the contralateral eye was injected with PBS [0.01 M]. Retinal structure was analyzed by SD-OCT at 6 and 25 days post-injection. B-scans and volume intensity projections are shown for analysis at day 6 (Fig. 1A-C ) and day 25 ( Fig. 1D-F) . At 6 days post- Hcy injection focal areas of disruption were detected in the outer retina, characterized by separation of photoreceptor outer segments from underlying RPE (Fig. 1B) . These can be best appreciated visualizing a higher magnification B-scan (Fig. 1C) . This disruption was observed in 8 of 11 mice in the Hcy-injected eyes, whereas no disruption was observed in PBS-injected eyes ( Fig. 1A and D) . As this was a longitudinal analysis, we analyzed eyes of the same mice at 25 days post-injection and evaluated the precise areas in which focal disruption had been observed at 6 days. Interestingly, the disruption observed at day 6 ( Fig. 1C, arrows) had resolved by day 25 (Fig. 1F) , with only one mouse showing mild outer segment-RPE disruption. We leveraged the analytical software (DIVERS) to analyze the thickness of retinal layers following SD-OCT in the mice at 6 and 25 days post-injection. The measurements reflective of the entire retina revealed no significant differences in any retinal layers in the 6 day cohort (Fig. 1G ), but a significant decrease in the thickness of the nerve fiber layer (NFL) in the 25 day group (Fig. 1H) . The NFL is comprised of axons of RGCs, and the altered thickness is consistent with earlier reports of RGC susceptibility to Hhcy [13, 15, 30, 41, 42] . Measurements of the NFL were within normal limits for PBS-injected eyes.
Absence of NRF2 reduces inner retinal thickness in Hhcy models
Following analysis of consequences of acute Hcy exposure, we explored comprehensively the effects of long-term chronic exposure to Hhcy on retinal structure and function. To accomplish this we studied retinas of Mthfr +/-and Cbs +/-mice, which have deficiencies in enzymes involved in Hcy metabolism (MTHFR and CBS). Our studies were conducted primarily on mice that were 10-12 months of age, whereas we had previously reported analysis of retina of these mice at ∼6 months [13, 15] . GCL cell loss and reduced NFL layer thicknesses were reported in these previous studies, suggesting the susceptibility of RGCs to Hhcy. Increased oxidative stress is postulated as a cause of neuronal apoptosis, including RGC death, under Hhcy conditions [11, 16] . Owing to the crucial role of NRF2 in protecting retinal neurons under conditions of oxidative stress [43, 44] Longitudinal analysis was performed using SD-OCT to evaluate retinal architecture at 4, 7 and 10-11 months. OCT analyses indicated the most significant changes in retinal layer thicknesses at 10-11 months. Representative OCT B-scans through the optic nerve from 10 to 11 month old mice are shown in Fig. 2 (A-F) . There was no evidence of gross retinal disruption in any mouse group; however, quantitation of retinal layer thickness revealed that the IPL was significantly affected in chronic, later-stage Hhcy (Fig. 2G ). This layer is comprised of synapses between INL neurons (bipolar and amacrine cells) and cells in the GCL. Significant differences were observed between WT versus Cbs (Fig. 2H) . We also examined the combined thickness of the NFL and IPL because it collectively defines the RGC's dendritic arbor (IPL) and axons (NFL). Thinning of these layers is an early biomarker for optic neuropathies including glaucoma [45] [46] [47] [48] [49] [50] . Cbs +/-Nrf2 −/− and Mthfr +/-Nrf2 −/− mice had significantly reduced NFL+IPL thickness compared to WT (Fig. 2I) . Cbs +/-Nrf2 −/− mice had significantly reduced NFL +IPL compared to Cbs +/-mice (Fig. 2I ). There were slight differences observed also at 4 months and 7 months (Suppl. Fig. 1) . Specifically, at 4 months, the IPL thickness, which typically measures ∼47 μm in WT was less than 45 μm in Cbs +/-/Nrf2 −/− and Mthfr +/-mice; the combined thickness of the IPL and NFL was also significantly reduced in these two groups compared to WT mice. By the time mice had reached 7 months of age, the average IPL thickness in WT was reduced slightly (to ∼42-43 μm) and was no longer significantly different from other groups in the study. The only exception to this was the comparison of WT to Cbs +/-/Nrf2 −/− mice (Suppl. Fig. 1F ). The decrease in IPL and NFL+IPL thickness in the Hhcy mouse models lacking NRF2 suggests that NRF2 plays a crucial role in maintaining RGC health under conditions of Hhcy.
Absence of NRF2 attenuates visual acuity in Hhcy mouse models
To understand whether decreased IPL and NFL+IPL layers in 10-11 month old Cbs +/-Nrf2 −/− and Mthfr +/-Nrf2 −/− mice (described in Fig. 2 ) affected visual function, we examined the optokinetic tracking (OKT) response using the OptoMotry system, which has been utilized in rodents in several studies [34, 51, 52] . We assessed acuity of the left and right eye of each mouse by measuring the reflexive response for clockwise and counter clockwise movement of gratings with 12°/second drifting speed. Data were recorded as cycles/degree (c/d). WT mice had an average visual acuity of 0.4c/d (Fig. 3) . The Nrf2 
Absence of NRF2 accelerates the loss of GCL cells in Hhcy mouse models
OCT analysis revealed thinning of IPL and NFL+IPL in Cbs +/-Nrf2 −/− and Mthfr +/-Nrf2 −/− mice with age (Fig. 2, Suppl. Fig 1) . The IPL and NFL are the pre-and trans-synaptic layers, respectively, for RGCs that occupy the GCL. Amacrine cells also occupy this layer. It is not possible to quantify the number of cells in the GCL using OCT, therefore we harvested eyes from 11 to 12 month old mice, prepared them for histology (Fig. 4A ) and counted the number of cells in the GCL in H&E-stained cryosections as described [15] . Typically, WT mice have ∼13-14 cells per 100 μm retinal length (Fig. 4B) . Analysis of the GCL cell number revealed a significant decrease in Cbs +/-mice (∼10 cells/ 100 μm length). This GCL loss was exacerbated in the absence of Nrf2 such that Cbs +/-Nrf2 −/− mice had ∼8 cells/100 μm retinal length (Fig. 4B) . Similarly, Mthfr +/-Nrf2 −/− mice had significantly fewer cells compared to WT. There was a trend toward fewer GCL cells in Mthfr +/-mice, although the difference did not reach statistical significance (Fig. 4B) . Immunolabeling of RGCs using Brn3a confirmed these data (Suppl. Fig. 2) . Collectively, the OCT and histological results confirm the sensitivity of RGCs to Hhcy, which is exacerbated by NRF2 deficiency. The histological observations are supported also by electrophysiological studies performed prior to histologic analysis in 10-11 month old mice in which there were significant differences observed at some intensities. Specifically, we observed significantly decreased pSTR, which reflects RGC function, in the Cbs +/-mice compared with WT mice (Suppl. Fig. 3A ), although no significant pSTR differences were observed in Mthfr +/-Nrf2 −/− or Cbs +/-Nrf2 −/− mice (Suppl. Fig. 3B ). The nSTR reflects amacrine function. While no significant nSTR differences were observed in Cbs +/-mice (Suppl. Fig. 3C ), there were significant differences in nSTR in the Cbs months and representative b-scan images taken through the optic nerve are shown for each mouse group. Retinal layer thicknesses were quantified using DIVERS software. Significant differences in the thickness of the (G) IPL, (H) NFL, (I) IPL-NFL combined were observed compared to WT mice and other mice in the study as indicated (*p < 0.05, **p < 0.01, ****p < 0.0001, One-way ANOVA, Tukey multiple comparison test).
Absence of NRF2 increases GFAP levels in Hhcy mouse models
The reduced thickness of inner retinal layers combined with fewer cells in the GCL observed in Hhcy mice lacking NRF2 (Figs. 1-4) prompted evaluation of the level of GFAP. In the healthy retina, GFAP is detected primarily in retinal astrocytes, which reside in the GCL. In the absence of retinal pathology, there is limited GFAP detected in Müller glial cells; however, under stress Müller cells upregulate GFAP, which is considered a marker of gliosis [53] [54] [55] [56] . Increased Müller cell GFAP expression has been reported in Hhcy mouse models [14, 15] and in Hcy-exposed primary Müller cells [16] . Here we investigated whether 5A ) and was significantly greater than levels detected in the other mouse groups (Fig. 5B) . The data indicate that absence of NRF2 accelerates retinal gliosis in Hhcy mice. Despite the increased gliosis accompanied by RGC death in the Hhcy models lacking NRF2, there was no significant increase in IOP in these animals (Cbs +/-Nrf2 −/− and Mthfr
mice) compared to the other mouse groups (Suppl. Fig. 4 ).
Müller glial-specific Nrf2 is critical for RGC survival under conditions of elevated Hcy: in vitro indirect co-culture studies
The increased cell loss in the GCL and thinning of the IPL/NFL in Hhcy models devoid of NRF2 compared to the milder cell loss and IPL/ NFL thinning in the genetic Hhcy models in which NRF2 is expressed is consistent with reports implicating increased oxidative stress in Hhcylinked neuron death [11, 16, 23, 57, 58] . In retina, NRF2 is expressed predominantly in Müller glial cells [44] . In previous studies we found that Nrf2 gene expression, as well as NRF2 protein levels, are increased when Müller cells are exposed to elevated Hcy [16] . Owing to the crucial role Müller glial cells play in protecting the retinal neurons under stressful conditions, we established a neuron-glia indirect coculture system using primary Müller and primary RGCs to evaluate the relationship of these two cells in managing Hcy-induced stress.
Primary RGCs isolated from postnatal mouse retina were cultured on glass coverslips in a 24 well plate and primary Müller cells growing on a porous transwell insert were placed above the RGCs such that the media in which RGCs were growing was conditioned by the Müller cells as depicted in Fig. 6A . We compared the viability of RGCs grown in the absence or presence of Müller cells and observed substantially more RGCs in the co-culture condition ( Fig. 6B and C) . After co-culturing with Müller cells for 4 days, RGCs were subjected to immunofluorescence analysis to detect Brn3a and βIII-tubulin, two reliable markers for these cells [59, 60] . We observed more Brn3a-and βIII-tubulin-positive cells in RGCs indirectly co-cultured with Müller cells compared to those grown in isolation (Fig. 6B) . We evaluated the relative viability of RGCs grown with/without Müller cells and detected significantly more viable cells in the in-direct co-culture condition (Fig. 6C) . We next investigated effects of Hhcy on RGC death in the absence/presence of indirect Müller cell co-culture. We treated RGCs with 50 μM Hcy, a concentration that is known to induce significant cell death within 24 h exposure [10, 12, 16] . Using the TUNEL assay as an indicator of cellular apoptosis, we observed 60% apoptotic cells in primary RGCs (no co-culture) subjected to Hcy treatment (Fig. 6D.1) , whereas co-culture with WT Müller cells reduced significantly the incidence of TUNEL-positive RGCs; indeed the value was similar to nonHcy treated cells (Fig. 6D.2) . Interestingly, when Hcy-exposed RGCs were co-cultured with Müller cells harvested from Nrf2 −/− mice ( Fig. 6D.3 ), RGC survival did not improve. Rather, the incidence of TUNEL-positive cells was similar to Hcy-exposed RGCs without coculture (Fig. 6E) . These data strongly suggest that Müller cells condition the media for RGCs, providing trophic support that attenuates Hcy-induced cell death. The identity of Müller cells in these cultures was confirmed using known Müller cell markers CRALBP, glutamine synthetase (GS) and vimentin (Suppl. Fig. 5 ).
Hcy increases the spare respiratory capacity and glycolytic reserve in WT Müller cells, but not in Nrf2 −/− Müller cells
It is known that excess Hcy levels impair mitochondrial dynamics of RGCs [11] ; however, effects of Hcy on Müller cell metabolic function have not been investigated. Müller cells require considerable energy production. We investigated the effect of excess Hcy on cellular respiration (both mitochondrial and glycolytic) in WT Müller cells compared to Nrf2 −/− Müller cells. We exposed primary WT Müller cells to 50 μM Hcy for 20 h and measured the cellular mitochondrial respiration as oxygen consumption rates (OCR) after sequentially adding oligomycin, FCCP and antimycin A and rotenone to the cells (Fig. 7A) . Hcy exposure of Müller cells did not impair mitochondrial function; instead the cells had significantly higher spare respiratory capacity compared to the untreated control cells (Fig. 7B) . Spare capacity reflects the capability of cells to respond to an energetic demand, reflecting the cells fitness under stress. These studies were performed also in primary Nrf2 −/− Müller cells to evaluate the influence of NRF2 on their capacity to mount a beneficial metabolic response to Hhcy. Nrf2 −/− Müller cells were exposed to 50 μM Hcy for 20 h (Fig. 7C) . Assessment of mitochondrial function showed that unlike the WT Müller cells (Fig. 7B) , Nrf2 −/− Müller cells had significantly reduced basal respiration when treated with Hcy and spare capacity remained unaltered by Hcy treatment ( Fig. 7C and D) . We replotted the data in Fig. 7B and D to allow comparison of mitochondrial function in WT versus Nrf2 −/− Müller cells exposed to Hcy (Fig. 7E) . Considering the high glycolytic dependency reported in Müller cells [61] and the ability reported in other cell types to increase glycolysis during stressful conditions [62] , we analyzed glycolytic function in WT and Nrf2 −/− Müller cells exposed to 50 μM Hcy for 20 h (Fig. 8A and   8C , respectively). Following the sequential addition of glucose, oligomycin and 2-DG the ECAR values were recorded. We noted that the glycolytic reserve was ∼8 mpH/min in WT Müller cells. Interestingly, after cells had been exposed 20 h to 50 μM Hcy, the glycolytic reserve increased significantly (Fig. 8B) . The analysis was performed also in primary Nrf2 −/− Müller cells ( Fig. 8C and D) . Upon sequential addition of glucose, oligomycin and 2-DG the ECAR values were recorded (Fig. 8C) . The increased glycolytic reserve observed in Hcy-treated WT Müller cells (Fig. 8B) , was not evident in Nrf2 −/− Müller cells exposed to excess Hcy (Fig. 8D) . We replotted the data in Fig. 8B and D to permit comparison of glycolytic function in WT versus Nrf2 −/− Müller cells exposed to Hcy (Fig. 8E) . As has been reported in other cell types under stress, glycolysis increases significantly in Nrf2 −/− Müller cells compared with WT. Taken collectively, the data shown in Figs. 7 and 8 suggest that NRF2 plays an important role in Müller cell mitochondrial and glycolytic adaptive responses to Hhcy.
Discussion
Hhcy is implicated in several retinal degenerative diseases including glaucoma [1, 3, 6, 63, 64] and Hcy levels are elevated in plasma and tears of patients with some forms of the disease, especially XFS [65, 66] . RGC loss is the defining cellular event underlying glaucoma, a disease with complex pathogenicity.
It is not surprising that Hcy has been implicated as directly toxic to retinal neurons given that it has excitotoxic properties and has been associated with oxidative stress. The clinical literature, however, has been confusing with respect to Hhcy and glaucoma and it is unclear whether Hcy is merely a biomarker of disease or is actually responsible for cell death [9] . Over the past several years, we have conducted experiments aimed at addressing this issue. Earlier studies demonstrated clear toxicity of Hcy to primary ganglion cells [10] , but subsequent experiments performed in Hhcy mouse models (Cbs +/-and Mthfr +/-) yielded only modest loss of RGCs [13] [14] [15] . This apparent conundrum suggested that the intact retina is equipped to buffer Hhcy in a manner not present in the isolated neuronal population. We reasoned that a likely component of the buffering 'machinery' is the Müller glial cell. In a recent study, we found that unlike RGCs, which manifest increased ROS and decreased viability upon exposure to Hhcy, Müller cells have decreased ROS levels and their viability is not compromised [16] . Interestingly, as a response to the Hhcy exposure, Müller cells upregulate Nrf2 expression and increase the levels of NRF2 protein as well. We postulated that the apparent tempered response to chronic elevation of Hcy in retinas of Hhcy mutant mice might reflect a robust response on the part of Müller cells that likely involved the NRF2 antioxidant response. The current study supports this hypothesis as evidenced by several important findings. Our first key observation was that acute exposure to Hhcy in vivo led to an initial mild disruption of the retinal architecture, which was actually resolved within a few weeks. The powerful analytical tool SD-OCT allowed us to visualize the entire retina, measure individual layers and evaluate integrity in a longitudinal fashion. Even though retinas were mildly disrupted in focal areas 6 days post-injection, the disruptions resolved over a period of ∼three weeks. Clearly, there must be mechanisms within the retina that attenuate the response to the acute Hcy insult. To our knowledge, this is the first report of a resolution of the tissues' response to an excitotoxic insult. It is likely that repeated insults, especially if close in time, would not yield such a positive outcome. Importantly, even though the focal disruptions were resolved, the exposure to Hcy had a negative impact on the thickness of the NFL.
Our second key observation was that oxidative stress exacerbated the deleterious effects of chronic Hhcy in vivo. We investigated the consequences of chronic Hhcy on retina when the transcription factor NRF2 was absent using Cbs +/-Nrf2 −/− and Mthfr
NRF2 is arguably the master regulator of the antioxidant response as it modulates the expression of more than 500 cytoprotective genes [67] . Our experiments were prompted by the aforementioned observation that NRF2 levels increased in Hhcy- , Cbs +/-, Mthfr +/-). This was most evident at 10-11 months. This same cohort of mice showed a decrease in visual acuity (OKT response) compared to the other four mouse groups measured. The availability of the OptoMotry system has allowed investigators the capability to measure visual function in mice reproducibly. Earlier studies showed that genetic ablation of Nrf2 exacerbated the visual deficits in an experimental autoimmune uveitis model, emphasizing the key role NRF2 plays in sustaining retinal function under pathologic conditions [52] . The histologic retinal analysis disclosed significant loss of cells in the GCL in Cbs +/-Nrf2 −/− and Mthfr +/-Nrf2 −/− mice, which was accompanied by a marked increase in the level of GFAP. The cells that were positive for increased GFAP were the radially-oriented Müller cells. It is noteworthy that despite evidence of exacerbated RGC loss and gliosis in Hhcy mice lacking NRF2, there was not an appreciable difference in IOP compared to other mice. The average IOP measured in six different mouse groups was in the range of 10-13 mmHg, which is within normal limits for pressure. In human patients with XFS, there can be considerable IOP fluctuation observed over a 24 h diurnal period [68] . A limitation of our study was that IOP was measured at a single time point, which may not be an accurate reflection of complete profile of pressure in our animals. Future studies should evaluate IOP systematically over a 24 h period. In addition, it would be useful to follow a cohort of animals at more advanced ages. The oldest age evaluated in our study was 10-11 months.
Extending the study to mice that are 18-24 months may reveal agerelated pressure changes that were not disclosed in the current study.
The findings that genetic ablation of Nrf2 exacerbates retinal dysfunction in Hhcy mice prompted us to evaluate whether indirect culture of Müller cells with RGCs could buffer neuronal death induced by Hhcy. It is well established that Müller cells play a crucial role in maintaining retinal neurons [56] . However, our co-culture system did not involve (n = 10, *p < 0.05, ****p < 0. Our observations of the benefit of Müller cells in reducing Hcy-induced RGC death raised questions about how Hhcy impacts metabolic functions of these cells. We found that WT Müller cells had robust mitochondrial and glycolytic function. Although glycolysis is considered a major energy source for Müller cells [18] , mitochondrial ATP production is also essential for these cells to maintain retinal health [69] . Interestingly, we observed that in WT Müller cells, exposure to excess Hcy did not impair mitochondrial function; rather Hcy-treated WT Müller cells exhibited increased spare respiratory capacity compared to the untreated control cells. Reduced spare respiratory capacity has been linked to neurodegenerative models of excitotoxicity and aging [70] [71] [72] and adequate spare capacity is an indicator of healthy mitochondria [73] . Glycolytic function also increased under Hhcy conditions in WT Müller cells as demonstrated by increased glycolytic reserve in Hcy-exposed cells. Glycolytic reserve (like spare capacity) reflects the cells ability to meet additional energy demands. The data suggest mitochondrial and glycolytic adaptations increase in Müller cells to manage the cellular stress induced under Hhcy conditions. This robust mitochondrial and glycolytic response to Hcy exposure evinced by WT Müller cells was completely abrogated in Müller cells isolated from Nrf2 −/− mice. Previous analysis of mitochondrial function in Hhcy-exposed RGCs revealed alterations of two mitochondrial proteins Opa1 and Fis1 and increased mitochondrial fission [11] . It is technically challenging to subject primary RGCs to mitochondrial analysis using Seahorse technology as performed with Müller cells because the assay requires a confluent monolayer of cells. While this is feasible using primary Müller cells, it is not with primary neurons. Nevertheless, it appears that exposure of RGCs to Hhcy led to dysregulated mitochondrial dynamics, whereas exposure of Müller cells resulted in a positive mitochondrial response.
The current study provides insights on the issue regarding Hhcy as a "disease driver, biomarker or bystander" [9] . First, effects of this excitotoxic amino acid are clearly cell-type dependent. Isolated neurons (at least RGCs) have limited coping mechanisms to manage elevated Hcy levels, while isolated Müller cells appear to manage Hhcy by increasing their energy production, both mitochondrial and glycolytic. The in vitro studies are informative and permit dissection of specific mechanisms. Specifically, they demonstrated the key role that NRF2 plays in the Müller cell's capacity to buffer Hcy. The data support the in vivo observations that visual acuity is adversely affected when mice with chronic Hhcy lacked NRF2. The discovery that RGC vulnerability to Hcy may be impacted by the availability of key regulatory molecules, such as NRF2, has implications for retinal degenerative diseases such as glaucoma. With age, NRF2 levels decrease [67] while Hhcy levels increase [74] . Given that glaucoma is a disease associated with increased age, it is quite plausible that under conditions of elevated Hcy and gradually reduced levels of NRF2, the capacity of Müller cells to maintain RGCs is compromised.
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